p73 is a member of the p53 family often overexpressed in human cancer. Its regulation, particularly following DNA damage, is different from that of p53. Following DNA damage, we found induction of p73 at both the protein and mRNA levels. Furthermore, by using different p73 promoter fragments, we found a role for E2F1 in mediating transcription of p73. However, this observation alone does not account for the observed DNA damage-induced activation of p73 in the cells used in these experiments. By analyzing the p73 promoter sequence, we revealed a new mechanism of p73 induction associated with the removal of transcriptional repression from the p73 promoter. We found, in fact, that treatment of cells with DNA damaging agents induced nuclear export of the transcription factor C-EBPa and blockage of this export abolished drug-induced p73 activation. We also show that C-EBPa has a direct repressive activity on transfactor E2F1, and for this repression the binding of C-EBPa to its consensus sequence in the DNA is required. These data suggest that in normal conditions a repressor complex involving C-EBPa, E2F1 and perhaps other proteins is present on the p73 promoter. This repressor complex is destroyed following damage by removal of C-EBPa from nuclei.
INTRODUCTION
The cellular response to DNA damage involves the activation of proteins which in turn activate downstream cascades leading to DNA repair or apoptosis depending on the type of damage and the cellular context.
The product of the tumor suppressor gene p53 is one of the early activated proteins following DNA damage (1, 2) . Its activation is mainly post-transcriptional and involves a block of ubiquitination-dependent degradation (3) . The activation of p53 is considered particularly important in determining whether a cell will arrest the cell cycle to try to allow repair of the induced lesion or activate the apoptotic pathway if the damage is unrepairable.
The p73 gene shares relatively high sequence homology with p53, particularly in its DNA binding domain (4) and, in fact, is able, although with some differences in speci®city, to activate the same downstream genes activated by p53 (4, 5) . There are, however, some important differences between p53 and p73, one of which is different activation following DNA damage. Whilst p53 is activated by all known forms of DNA damage, p73 is activated by treatment with cytotoxic agents, including doxorubicin (DX) and cis-dichloro-diamino platinum (DDP), but not, for example, by UV light (6±9). Furthermore, the mechanisms responsible for the reported induction of p73 are different to those able to activate p53.
Considering that in more than half of human tumors the p53 gene is inactivated (10) , and hence its response to DNA damage impaired, it is important to verify whether p73, which is very rarely found to be mutated in human tumors (11±13), can be activated after damage and at least partially substitute for p53 in the cellular response to damage.
In addition, p73 is frequently overexpressed in cancer cells, including neuroblastoma cells (14±17). Changes in the methylation status of the p73 promoter have been reported in some tumors but not in other (7, 18) . Other mechanisms, involving the rate of transcription, could be responsible for the increased levels of p73 found in human tumors.
In the present study, we have analyzed the ability of DNA damage to induce activation of p73 and present evidence for a new mechanism that, at least in the model system used in these experiments, is associated with the removal of C-EBPa repression of transcription factor E2F1 on the p73 promoter.
MATERIALS AND METHODS

Cells and treatments
The neuroblastoma cell line SH-SY5Y was grown in Dulbecco's modi®ed Eagle's medium, the ovarian carcinoma cell line SKOV3 was grown in RPMI 1640 medium and the human colocarcinoma cell line HCT116 was grown in Iscove's modi®ed Dulbecco's medium. All media were supplemented with 10% fetal bovine serum (FBS). DX was supplied by Pharmacia (Nerviano, Italy), DDP was purchased from Sigma (Milan, Italy). The drugs were dissolved in medium just before use. Different concentrations of the drugs *To whom correspondence should be addressed. Tel: +39 02 39014472; Fax: +39 02 3546277; Email: broggini@marionegri.it were used for the experiments. Leptomycin B (LMB) was obtained from Sigma and used at a concentration of 20 ng/ml.
Real time PCR
An aliquot of 200 ng of total RNA was retrotranscribed in 20 ml with a TaqMan Reverse Transcription Kit (Applied Biosystems, UK) and 2 ml was ampli®ed by real time PCR. Real time PCR was used for relative quanti®cation of p73; actin was used as the internal control.
P73 was ampli®ed using5¢-GGATTCCAGCATGGACGTC-TT-3¢ as forward primer and 5¢-GCGCGGCTGCTCATCT-3¢ as reverse primer (both 200 nM). Actin was detected using 5¢-TCACCCACACTGTGCCCATCTAC-3¢ as forward primer and 5¢-CAGCGGAACCGCTCATTGCCAATGG-3¢ as reverse primer (both 200 nM). Reactions were performed in a total volume of 25 ml with SYBR Green PCR Master Mix (Applied Biosystems).
Western blotting analysis
Cell extracts, obtained from untreated and drug-treated cells, were prepared by lysing cells in 50 mM Tris±HCl pH 7.4, 250 mM NaCl, 0.1% Nonidet NP-40, 5 mM EDTA and 50 mM NaF, in the presence of aprotinin, leupeptin and phenylmethylsulfonyl¯uoride (PMSF) as protease inhibitors, for 30 min on ice. Insoluble material was pelleted at 13 000 g for 10 min at 4°C and the protein concentration was determined using a Bio-Rad assay kit (Bio-Rad, Rome, Italy). An aliquot of 40 mg of total cellular proteins was separated by SDS± PAGE and electrotransferred to nitrocellulose. Immunoblotting was carried out with anti-p73 monoclonal antibodies (Oncogene Research, San Diego, CA), anti-p53 monoclonal antibody (DO-1; Santa Cruz Biotechnology, Heidelberg, Germany) and anti-actin, anti-C-EBPa and anti-p21 polyclonal antibodies (Santa Cruz Biotechnology). Antibody binding was revealed by peroxidase secondary antibodies and visualized using enhanced chemiluminescence (ECL; Amersham, Milan, Italy).
Protein expression in nuclei and the soluble fraction was determined as previously described (19) . To test the appropriate separation of nuclei and cytoplasm, we measured the levels of the nuclear protein topoisomerase I (monoclonal antibodies kindly supplied by Dr Ivana Scovassi, CNR, Pavia, Italy) in the two fractions by western blotting analysis.
p73 promoter constructs and activity
The different fragments of the human p73 promoter (2.7 kb, 1.2 kb, 880 bp and 220 bp) linked to the luciferase gene were as previously described (20) . The 1.8 kb promoter fragment was obtained by exonuclease treatment. Brie¯y, the 2.7 kb fragment was linearized with XhoI, treated for different times with exonuclease III, the ends blunted with S1 nuclease and Klenow fragment of DNA polymerase and the plasmid closed with DNA ligase. Insert sizes of the deletion mutants were assessed by restriction analysis and gel electrophoresis prior to direct sequencing. The 269 bp promoter fragment containing the putative p53 binding site was obtained from the 2.7 kb fragment by NotI + PstI digestion and religation in the pGVB2 plasmid (20) and was named D2444.
The different constructs were transfected into the three cell lines using the calcium phosphate precipitation method. Cells were transfected with 2 mg of p73 promoter constructs and 0.05 mg of pRL-SV40, used for internal normalization. At the end of transfection cells were treated with DX and reporter gene activities were evaluated after 24 h using the Dual Luciferase System (Promega, Milan, Italy). Results are expressed as a percentage of the reported control luciferase activity normalized by the renilla activity value. The means T SD of three independent experiments are shown.
In co-transfection experiments the different p73 constructs were co-transfected with 1±10 mg of a plasmid encoding for C-EBPa (kindly provided by Dr M. Pitarque, University of Modena, Italy), wild-type (wt) human E2F1, a mutant E2F1 (E132) not able to bind DNA or a transactivation-de®cient mutant (1±374) (kindly provided by Dr Helin, IEO, Milan, Italy). An aliquot of 0.05 mg of pRL-SV40 was again used for internal normalization and luciferase activity measured as reported above.
Mutations in the DNA binding sites for WT1 and C-EBPa have been produced by site-directed mutagenesis (Stratagene, La Jolla, CA). The presence of the desired mutations was con®rmed by sequencing.
Titration experiments were performed by co-transfecting increasing concentrations of the C-EBPa expression vector together with ®xed amounts of p73 promoter fragments and 0.05 mg of pRL-SV40 as internal control. Luciferase activity was assessed 24 h after transfection.
Oligonucleotides
Phosphorothioated double-stranded oligonucleotides containing the consensus C-EBPa binding site (5¢-TGCAGATTG-CGCAATCTGCA) and a mutant oligonucleotide (5¢-TGCA-GAGACTAGTCTCTGCA) were obtained from Sigma. SH-SY5Y cells were treated for 24 h with 20 mM oligonucleotides and p73 mRNA levels were determined by real time PCR.
Immunoprecipitation Cells (5 Q 10 5 ) were transfected with 10 mg of human wt E2F1 and 10 mg C-EBPa using GENE PORTER (GTS, San Diego, CA) according to the manufacturer's instructions or mock transfected by treatment with the same reagents minus plasmid DNA. Cells were harvested 24 h following transfection and lysed in 100 ml of the lysis buffer used for western blotting. Lysates were centrifuged for 5 min at 13 000 g at 4°C. Supernatants were incubated for 12 h with 5 mg of anti-CEBPa antibody and then for 2 h with A/G agarose beads (Santa Cruz Biotechnology). Lysates with bound complexes were washed ®ve times with RIPA buffer. Bound complexes were released by heating at 95°C for 5 min, resolved on 12% SDS±polyacrylamide gels and analyzed by western analysis with anti-E2F1 antibodies (Santa Cruz Biotechnology).
RESULTS
Treatment of SH-SY5Y neuroblastoma cells with the DNA damaging agent DX resulted in p73 mRNA induction (Fig. 1A) . The same treatment conditions (1 mM for 24 h) were able to induce an accumulation of p73 at the protein level (Fig. 1B) . The ability of DX to induce p73 was also tested in HCT116 cells, in which a 2.5-fold induction of p73 mRNA was found. Similar induction was obtained when another DNA damaging drug, DDP, was used in SH-SY5Y cells (see Supplementary Material, Annex 1A and 1B).
In Figure 1B we compare the induction of p73 with that of other damage-inducible proteins such as p21, p53 and E2F1 in SH-SY5Y cells after treatment with 1 mM DX. The concentration of DX used, which was able to induce both p53 and p21, did not signi®cantly modify the levels of E2F1.
Trying to elucidate the mechanism(s) by which DX was able to induce activation of p73, we analyzed the transcription of different p73 promoter fragments in SH-SY5Y cells. By using the longest p73 promoter fragment available, spanning 2.7 kb 5¢ to the initiation start site, we found in transient transfection experiments that DX induced the transcription of this fragment in SH-SY5Y cells (Fig. 2) . The entire 2.7 kb long fragment contains three E2F1 binding sites and a putative p53-responsive site.
Different deletion fragments originating from the 2.7 kb long fragment were also analyzed (Fig. 2) . The 1.8 kb fragment, which lacks the putative p53 binding site and one of the three E2F1 binding sites, still maintained DX-dependent activation, being able to induce a more than 2-fold increase in luciferase activity over the basal level, similar to that obtained using the longer 2.7 kb fragment. The further deletion fragment, spanning 1.2 kb from the transcription start site (still containing two of the three E2F1 binding sites), did not show any change in activity in cells treated with DX. Similarly, the 880 and 220 bp long fragments showed similar activity in untreated and DX-treated cells. When the same experiments were performed in SH-SY5Y cells using DDP instead of DX, we found that DDP was able to induce transcription of the 1.8 kb fragment but not of the 1.2 kb fragment (Supplementary Material, Annex 1C).
The construct containing the putative p53-responsive element with no E2F1 sites (fragment D2444) had low basal luciferase activity, not different from the PGL2 vector, which was not induced by DX (Fig. 2) . Furthermore, this fragment was tested in co-transfection experiments with human p53 or p73 expression plasmids (Fig. 3) . Under conditions in which a classical p53-responsive promoter, such as the p21-luc promoter, showed a clear p53 and p73 inducibility, the D2444 fragment as well as the entire 2.7 kb fragment did not.
The same DNA constructs were tested for their ability to respond to E2F1. The different promoter fragments were cotransfected together with different amounts of a wt E2F1 expressing plasmid or with the same plasmid harboring a mutation (E132) abolishing the binding ability of E2F1. The results reported in Figure 4 clearly show that the longest p73 fragment shows a strong induction of its activity by cotransfection with E2F1 wt but not the mutant plasmid. Removal of one of the three E2F1 binding sites (1.8 and 1.2 kb) results in a slight decrease in luciferase activity, which declines further in the construct having only one site (880 kb). Moreover, by transfecting a truncated transactivaton-de®cient version of E2F1 (1±374), still able to bind E2F1 sites, we could abolish DX-induced activation of the p73 promoter (data not shown), emphasizing, in agreement with previously reported data (21, 22) , that E2F1 plays a major role in DXinduced activation of p73. Considering the data obtained using the different promoter fragments together, they show that the 1.8 and 1.2 kb fragments both respond to E2F1 transfection but only the 1.8 kb fragment is sensitive to DX treatment. This suggests that there could be a transcriptional repressor sensitive to DX treatment in the 600 bp fragment contained in the 1.8 kb but not the 1.2 kb fragment.
To test this hypothesis, we analyzed the 600 bp fragment sequence for the presence of DNA binding sites for other transcription factors and we concentrated our attention on two sites, the WT1 binding site located at position ±1678/±1665 and the C-EBPa binding site located at position ±1380/±1372. We ®rst mutated the binding sites and used these constructs in transient transfection experiments. Figure 5A shows that mutation in the WT1 site slightly reduced the basal luciferase activity level compared to the wt 1.8 kb fragment while mutation in the C-EBPa binding site slightly enhanced this activity. Clear differences were observed when the response to DX treatment was analyzed. Figure 5B , in fact, shows that the 1.8 kb fragment with mutation in the WT1 binding site still responds to DX treatment, inducing transcriptional activation of luciferase comparable to that of the 1.8 kb fragment. When the fragment with a mutation in the C-EBPa binding site was used, DX was no longer able to induce activation of the promoter fragment, suggesting that an intact C-EBPa binding site is necessary for DX-dependent induction of this p73 promoter fragment. These results, however, do not exclude the possibility that C-EBPa could act as an activator of p73 promoter fragment activty and that its removal is associated with a decreased inducibility following DX treatment.
To further analyze whether the C-EBPa activity could be related to an inhibitory effect on E2F1, we co-transfected the 1.8 kb fragment with an E2F1 expression vector and increasing concentrations of C-EBPa expression vector in HCT116 cells. We used these cells because the transfection ef®ciency was higher than in SH-SY5Y cells and because DX in these cells was able to induce the p73 promoter at levels similar to those observed in neuroblastoma cells (data not shown). As seen in Figure 6A , a concentration-dependent reduction in E2F1-induced activation of the promoter fragment was found when the wt C-EBPa expression plasmid was used. This effect was lost when the C-EBPa mutated 1.8 kb fragment or the 1.2 kb fragment (lacking the C-EBPa binding site) was used. Furthermore, transfection of increasing amounts of C-EBPa in SH-SY5Y cells was able to block the ability of DX to induce p73 mRNA levels (see Supplementary Material, Annex 2).
To test whether the block of C-EBPa activity was associated with an increased basal level of p73, we used oligonucleotides containing the binding site for C-EBPa which had previously been shown to be able to block C-EBPa activity (23) . Treatment of cells with this oligonucleotide resulted in an increased level of p73 mRNA (Fig. 6B) . As a control the same oligonucleotide with a mutation in the C-EBPa binding site did not show this effect (Fig. 6B) .
Having shown that C-EBPa was able to repress E2F1-induced activation of the p73 promoter, we checked whether DX-induced p73 transcriptional activation was linked to C-EBPa.
SH-SY5Y cells were treated with DX and the levels of C-EBPa analyzed in nuclei and cytoplasm. The appropriate separation of nuclei and cytoplasm was checked using antitopoisomerase I antibodies, which were almost exclusively present in the nuclear fraction (see Supplementary Material, Annex 3). DX treatment was able to drastically reduce the nuclear levels of C-EBPa (Fig. 7A) , while no signi®cant differences could be observed in the cytoplasm.
Pretreatment of cells with the nuclear export inhibitor LMB abolished the nuclear disappearance of C-EBPa. Furthermore, pretreatment of cells with LMB was able to block DX induction of p73 (Fig. 7A) . This was also con®rmed in real time PCR experiments, in which LMB treatment was able to prevent DX-induced activation of p73 (Fig. 7B) . In both cases LMB alone did not modify p73 levels, while it was able to induce accumulation of p53 in the nuclei.
DISCUSSION
We have reported in this manuscript that treatment with DNA damaging agents such as DX and DDP is able to induce increased levels of p73 in cancer cells growing in vitro. This increase is observed at both the protein and RNA levels and we present evidence that these two drugs induce direct transcriptional activation of p73.
Even if a potential binding site for p53 is present in the p73 promoter fragment (24), we present data obtained using p73 promoter fragments lacking the putative p53 binding site that clearly indicate that DX-induced transcriptional activation of p73 is p53-independent. The situation is therefore different from that of the truncated DN form of p73, which uses a different promoter regulated by p53 (25, 26) .
The cellular response to DNA damage involves the activation of different proteins which in turn activate a cascade of signaling events. This brings about cell cycle arrest, to allow repair of the lesion, or apoptosis, depending on the kind of damage and cellular context.
The product of the tumor suppressor gene p53 is one of the key proteins reported to be a strong determinant of cancer cell response to anticancer agent treatment (27±30). Again, depending on the cellular context and on the type of drug used, p53 has been reported either to increase or to decrease the activity of those agents (31±34). p53 is normally expressed at a very low concentration, but is rapidly activated following stress induction, thus acting as a transcriptional factor inducing the expression of genes such as p21, bax, GADD45 and many others (2,35±38) . p73 behaves differently from p53, showing only a quantitatively moderate activation following damage.
In particular, it has been reported that DDP, a drug also used in the present study, was able to induce p73 in a c-ablmediated fashion through a mechanism involving stabilization of the protein (8, 9, 39) .
As for the transcription of p73, the transcription factor E2F1 is one of the key regulators and, in fact, three different binding sites are present in the 5¢ region of the p73 gene here analyzed (20±22,40). We con®rmed in a different cell context that E2F1 expression is associated with increased p73 promoter activity and that the use of a transactivation-de®cient form of E2F1 reduces the DX-associated activation of p73. Our results also indicate that DX-induced expression of p73 is not attributable to induced expression of E2F1, suggesting that other mechanisms leading to E2F1 activation are present. Furthermore, the use of promoter fragments with a different number of E2F1 binding sites suggested that other factors could play an important role, particularly as negative regulators of E2F1.
The minimal promoter fragment which seems to be responsible for the DX-induced transcriptional activation of p73 is the region located between ±1800 and ±1200 bp with respect to the transcription start site. This region contains putative binding sites for transcriptional factors such as WT1 and C-EBPa. We present evidence that C-EBPa negatively regulates the activity of E2F1, acting as a repressor. DNA damage induction is able to relieve the C-EBPa-mediated repression, thus allowing the transfactor E2F1 to activate p73 transcription. C-EBPa has been reported to act as a transcriptional repressor for other transcription factors, including E2F1 (41±45). Furthermore, it has already been reported that C-EBPa potentially binds to E2F1 (46) and we have data showing that in SH-SY5Y cells C-EBPa and E2F1 coimmunoprecipitate and that DX treatment is able to reverse this effect (see Supplementary Material, Annex 4). Our data suggest that C-EBPa repression of E2F1-mediated activation of p73 requires the binding of C-EBPa to its consensus sequence contained in the p73 promoter, suggesting the formation of a complex at the DNA site between C-EBPa, E2F1 and, perhaps, other proteins. This is con®rmed by the evidence that DX treatment is able to induce nuclear export of C-EBPa, which would allow E2F1 to fully operate on its binding site. This is further corroborated by use of the crm1 inhibitor LMB, which by blocking the export of C-EBPa is able to block DX-induced activation of p73.
LMB has been shown to interfere with the nuclear export of both p53 and p73 (47, 48) . These results, although providing strong evidence that nuclear import±export is an important regulator of both p53 and p73 stability, have been produced in the absence of DNA damage. The lack of p73 induction following damage in cells pretreated with LMB therefore does not contradict previous reports.
The mechanism by which DX induces the nuclear export of C-EBPa is at present unknown. We can envisage (Fig. 8 ) two possible mechanisms: one in which C-EBPa and E2F1, bound to their respective binding sites, directly contact each other; alternatively, an additional (or more than one) protein binds to both C-EBPa and E2F1 and acts as a repressor. In both cases DX would destroy the complex allowing full activation of E2F1. This represents a new mechanism of DNA damageinduced activation of p73, which ®ts with a model in which p73 has to be quickly activated following damage. In fact, removal of the repression of binding of already formed E2F1 induced by C-EBPa would not need the transcription of new E2F1 to induce p73. Additionally, these ®ndings raise the possibility of using alternative ways to induce or repress transcription of p73.
Moreover, apart from the evidence that C-EBPa plays a role in the p73 response following damage, it would be interesting to test whether a relationship could be found between the expression of p73, often increased in human tumors (7, 49) , and the presence of C-EBPa. This would then provide a basis for new therapeutic strategies aimed at modifying/modulating p73 levels. This hypothesis is currently under investigation in the laboratory.
